Epitaxial films along the Fe 3-x Ti x O 4 (titanomagnetite) compositional series from pure endmembers magnetite (Fe 3 O 4 ) to ulvöspinel (Fe 2 TiO 4 ) were successfully grown by pulsed laser deposition on MgO(100) substrates. Spectroscopic characterization including high resolution xray diffraction, x-ray photoelectron spectroscopy, and synchrotron-based x-ray absorption and magnetic circular dichroism consistently shows that Ti(IV) substitutes for Fe(III) in the inverse spinel lattice with a proportional increase in lattice Fe(II) concentration. No evidence of Ti interstitials, spinodal decomposition, or secondary phases was found in the bulk of the grown films. At the uppermost few nanometers of the Ti-bearing film surfaces, evidence suggests that Fe(II) is susceptible to facile oxidation, and that an associated lower Fe/Ti ratio in this region is consistent with surface compositional incompleteness or alteration to a titanomaghemite-like composition and structure. The surface of these films nonetheless appear to remain highly ordered and commensurate with the underlying structure despite facile oxidation, a surface condition that is found to be reversible to some extent by heating in low oxygen environments.
I. INTRODUCTION
Iron oxides as a general class of materials have been studied extensively due to their potential technological use as well as their ubiquitous presence in soils. Among the iron oxides, ferrimagnetic spinel thin films have received considerable attention for prospective applications in microwave, magnetic storage, and spintronic devices. Fe(III), is attractive from the standpoint that it also proportionally increases lattice Fe(II) concentration for charge balance and reduces the net ferrimagnetic moment. However, the Ti/Fe cation site distribution and formal oxidation states remain somewhat controversial in practice.
Based on magnetization measurements, electrical transport, and thermoelectric data obtained from bulk solid solutions or bulk single crystals [4] [5] several conflicting x-dependent cation distribution models have been presented. 4, [6] [7] [8] [9] [10] [11] While these models are certainly relevant to the present study, inferences made from bulk materials are not always applicable to systems with nanoscale dimensionality such as thin films. [12] [13] It is thus of general scientific interest and potential technological value to examine and attain controlled thin film synthesis of this binary series.
There have been very few reported studies of epitaxial thin film growth along the magnetiteulvöspinel series. Possible reasons include lack of readily available pure bulk end members for deposition precursor materials, and challenges with spinodal decomposition at synthesis temperatures below the bulk consolute temperature (~ 490 C for bulk phases) 14 . However, epitaxial Fe 3 O 4 films have been successfully made for many years by a variety of deposition techniques, as reviewed by Chambers, 15 including by pulsed laser deposition (PLD). 13, [16] [17] [18] [19] But in contrast to the substantial work on magnetite, to the best of our knowledge only one group has reported titanomagnetite thin film synthesis. conditions as well as detailed bulk and surface characterization of the thin films by reflection high energy electron diffraction (RHEED), x-ray photoelectron spectroscopy (XPS), K-and L-edge x-ray absorption near-edge spectroscopy (XANES), high resolution x-ray diffraction (HRXRD), and x-ray magnetic circular dichroism (XMCD).
II. EXPERIMENT
We developed PLD protocols for thin film growth targeted to the following five [22] [23] Substrates were ultrasonically washed in isopropanol and methanol before introduction into the vacuum chamber. After sample introduction and prior to growth, the substrates were heated up to 500 C in 10 mTorr O 2 to eliminate adventitious carbon from the growth surface. Oxygen flow into the chamber was stopped and the chamber pumped down prior to commencing PLD.
The oxygen partial pressure in the deposition chamber during film growth was < 3×10 -9 Torr.
The substrate temperature for all growths was ~350 C, using a laser repetition rate of 2 Hz. properties on pressure. 18 Molten droplets and large particles ejected from the target during the laser ablation process are strongly forward directed along the on-axis position. Elimination of the large particles is accomplished through growing in a background gas N 2 and by using an off-axis configuration, as was adopted here. No significant differences in structural quality or Ti incorporation were observed in films deposited in either pressures of 1×10 -7 Torr or 10 mTorr of
Several characterization methods required exposure to ambient atmosphere, but were presumed insensitive to surface oxidation. Air exposure was always minimized to just that involving sample transport or shipping. HRXRD was used to investigate the crystallinity, cell parameter, and detailed microstructure of the films and was performed in air. XANES was performed in air on the PNC-CAT insertion device (20-ID) beamline at the Advanced Photon Source located at Argonne National Laboratory. K-edge XANES is a sensitive probe of both the Fe and Ti oxidation states in the film bulk, and provides qualitative information on their lattice location. Sample rotation about the surface normal was used to minimize Bragg diffraction effects and spectra collected with crossed (perpendicular and parallel) polarizations, relative to the sample surface, were appropriately averaged such that the XANES of the epitaxial films could be directly compared with those measured for metal foil(s) and oxide powder standards.
XPS of plasma-cleaned films that had been stored in an N 2 glove-box atmosphere was performed in a Gammadata/Scienta SES 200 photoelectron spectrometer with a monochromatic Al-K (1486.7 eV) x-ray source. The angle between the x-ray beam and the axis of the analyzer is fixed at the "magic angle" of ~54 , while the photoelectron emission angle can be varied between normal emission (bulk sensitive) and grazing emission (surface sensitive). RHEED was performed in a sample preparation chamber appended to the Scienta XPS system. Prior to RHEED analysis, adventitious carbon was cleaned from the sample surface using an electron cyclotron resonance oxygen plasma unit. The films were then reduced in vacuum by annealing to ~350 C. In-situ heating experiments, under vacuum (~5×10 -9 Torr), with a hydrogen partial pressure at 4.6x10 -9 Torr in the XPS chamber were also performed on the as-synthesized films at 100˚C and 350˚C, in order to restore surface stoichiometry, using a Physical Electronics 1s, Ti 2p, and C 1s region were recorded, and the energy scale was referenced to adventitious C 1s at 285.0 eV. The Fe 2p were best fit by nonlinear least-squares using the CasaXPS curve resolution software, as described in the Supplemental Information section of Ilton et al. 26 .
Films were also heated at 300˚C on a hot plate for 10 minutes in an N 2 glove-box atmosphere, to restore surface stoichiometry and L 2,3 -edge x-ray absorption and XMCD spectra were collected with circularly polarized light on beamline 4.0.2 at the Advanced Light Source (ALS) located at Lawrence Berkeley National Laboratory, using the eight-pole magnet end station 27 . The films were mounted on the copper sample manipulator with carbon tape and silver paint and loaded into the end station under anoxic conditions. Spectra were collected at 140 K.
The XAS signal was monitored in total electron yield (TEY) mode, giving an effective probing depth of ~40-50 Å, poorly quantifiable due to the uncertainty in the specific processes in the source of the signal. 28 At each energy point, the XAS was measured for the two opposite magnetization directions by reversing the applied field of 0.6 T. The XAS spectra of the two magnetization directions were normalized to the incident beam intensity and subtracted from each other to obtain the XMCD spectrum. 29 34 With respect to oxygen partial pressure, it was found that Fe 3-x Ti x O 4 grew best at < 3×10 -9 Torr. Film thicknesses ranged from 10 nm to ~100 nm. Shown in Fig. 1(a) 37 ).
Curiously, upon exposure to significant oxygen or ambient atmosphere, the surface appears to roughen, as seen in the modulation along the RHEED streaks but does not appear to convert phase as seen for pure Fe 3 O 4 upon exposure to water vapor. 38 The structural quality of the films is confirmed with HRXRD, as illustrated for Because this technique is able to probe the entire film in addition to being element-specific, it provides information on Ti and Fe oxidation states as well as the local structure around these cations in the bulk of the film. can be observed that the relatively small pre-edge feature is stronger for the Ti K-edge than for the Fe. The pre-edge feature is due to a 1s to 3d transition which is formally dipole forbidden but increases in intensity through local mixing between the 3d and 4p states in tetrahedral symmetry. [39] [40] In a study of Ti-based catalysts, Thomas and Sankar 41 showed the dependence of the Ti K-pre-edge peak intensity on the coordination of the oxygen atoms around the central Ti(IV). However, since the intensity of the pre-edge peak does not increase with Ti concentration, it seems unlikely that this is a result of Ti cations substituting into A sites in the For initial XPS analysis, the films were plasma cleaned prior to analysis to remove adventitious carbon. The photoelectron detector was positioned incident normal to the sample to ensure a sampling depth that would include a contribution from the bulk, as well as the oxidized surface. Figure 5 shows XPS regional scan spectra obtained on the Fe 2 TiO 4 film for the Fe 2p
( Fig. 5a ), Ti 2p (Fig. 5b) , and O 1s (Fig. 5c) water vapor due to the presence of a shoulder roughly 1.5 eV to higher binding energy. Unlike
Fe 2p, the Ti 2p core-level lineshape shown in Fig. 5b indicates that the Ti oxidation state is exclusively Ti(IV). Assuming that the inelastic mean free path of electrons photo-ejected from Fe 2 TiO 4 by Al-K x-rays is essentially identical to that for Fe 3 O 4 , we expect from prior precedent on XPS of magnetite surface oxidation that the XPS sampling depth using is deeper than the surface oxidation/passivation layer 38 . Therefore, we can conclude that the entirety of the Ti was in the 4+ oxidation state prior to exposure of the film to air. Figure 6 shows XPS of as-synthesized Fe 3 O 4 ( Fig. 6a) and Fe 2 TiO 4 ( Fig. 6b ) films before and after heating for 10 minutes under high vacuum (~5×10 -9 Torr), with an H 2 background gas (4.6x10 -9 Torr). Here, XPS was performed without plasma cleaning to eliminate any oxidizing effects that could be caused by the oxygen plasma. Also, to enhance surface sensitivity, the photoelectron detector was positioned at 45° off-normal. Heating the Fe 3 O 4 film to 100 C results in a subtle but detectable increase in the Fe(II) shoulder intensity, indicating reduction of the initial, slightly oxidized, surface (Fig. 6a) . Estimates of the surface Fe(II) concentration before and after heating are 30% Fe(II) before, and 35% Fe(II) after, which indicates reduction to a marginally hyper-stoichiometric magnetite surface. In contrast, XPS before and after heating the Fe 2 TiO 4 film shows that the surface cannot be fully reduced by heating (Fig. 6b) . XPS of the in the A sublattice, producing a peak at ~707 eV in the Fe 2 TiO 4 spectrum corresponding to A-site Fe(II). 30 The surface Fe/Ti ratio. calculated from the edge step of the backgroundsubtracted Fe and Ti L 2,3 -edge XAS taken consecutively at the same position on the sample, was determined to be ~1.13, which is almost identical to the value of 1.12 calculated from the atomic concentrations given by XPS after heating to 350 C. This is lower than the expected value of 2 for Fe 2 TiO 4 , suggesting a titanium enrichment at the surface. Consistent with our premise that the near-surface of the Ti-bearing films tend to possess titanomaghemite-like characteristics, as
shown by O'Reilly 50 the mechanism of maghematization in titanomagnetites involves removal of iron from the structure leading to a reduction in the Fe/Ti ratio. However, alternative
explanations cannot yet be ruled out. For example, it is also possible that the low Fe/Ti ratio is the result of a gradient within the film of Fe and Ti contents in the near-surface, with an amorphous titanium dioxide surface as the extreme case 51 but in such low concentrations that it was not be detected by Ti K-edge XANES.
IV. CONCLUSION
Epitaxial films of Fe 3-x Ti x O 4 from magnetite (x=0) to ulvöspinel (x=1) were successfully grown on MgO(100) substrates by off-axis PLD. The bulk of the epitaxial films were of high structural quality, and possessed Fe/Ti ratios and a distribution of cationic oxidation states that were close to the desired composition. The films were free of secondary phases and largedomain spinodal decomposition. Ti(IV) was found to substitute predominantly for B-site Fe(III), consistent with expectations for this binary series. However, surface-sensitive spectroscopic evidence suggests that the Ti-bearing film surface (upper few nanometers) was somewhat different to the underlying bulk in terms of Fe/Ti ratio. Surface sensitive techniques such as XPS and XMCD were used to characterize this surface phase and the changes that occurred as a result of (i) oxidation upon air exposure, and (ii) reduction upon heating under vacuum or N 2
atmosphere. This work provides a foundation for production of crystallographically oriented 
